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Abstract 
Pipe network for drinking water supply in Seoul might not be systematically planned and organized as both the production capacity 
and pipe system needed to be increased to meet the rapid industrialization and urbanization of Seoul. The RWR has increased from 
64.1% in 1998 to 91.4% in 2007 through a new approach encompassing: 1) construction of water reservoirs, 2) measurement of 
minimum night flow (MNF) and leak detection, 3) installation of pressure reducing valves, and 4) reorganization of pipes not in 
use. The RWR in 2013 was 94.3%. Pipe replacement and leak detection/repair could not result in significant improvement of RWR, 
but with the block system and balanced water pressure. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
The first tap water of Seoul had been served to the citizens with capacity of 12,500 m3/day since 1908. The length 
of pipe network was about 4 km at that time and had increased to 278 km in 1940 during the period of Japanese 
colonial rule. The population and the area of Seoul had increased rapidly during 1960’s and 1970’s – The population 
of Seoul increased from 2.45 million in 1960 to 8.11 million in 1979. The exponential increase in the population was 
followed by the increased water demand. The abruptly increased water demand resulted in supply shortage. The 
shortage was caused by both the small capacity of water treatment plants (WTP’s) and leak from old pipes (62% of 
the produced water was lost by leak in the supply pipe network). The capacity increased from 0.28 million m3/day in 
1969 to 1.16 million m3/day in 1974, and the length of pipe network also increased to 6,042 km in 1969. Although the 
water service ratio increased from 67.9% (1964) to 86% (1969) through facility improvement and capacity building 
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and 167 L/day of tap water was supplied to a citizen, the real problem was that there was still too much leak from the 
supply system. As the rate of population growth had slowed down in the late 1980’s, the water service rate became 
over 90% and a citizen could get 400 L/day of tap water. Although Seoul could achieve much in terms of quantity, 
there was still much things to be improved for efficient management of the system including systematic management 
of old pipes, leak, and production. The projects to improve the RWR focused on pipe replacement and leak detection 
before 1989, which could not resulted in significant raise in the RWR, i.e., 55.0% in 1990 to 63.3% in 1997. The 
drinking water supply system was networked and used stable and balanced water pressure to solve the problem, i.e., 
construction of water reservoirs, measurement of the minimum night flow (MNF) and detection of leak, installation 
of pressure reducing valves, and reorganization of pipes not in use. The efforts resulted in RWR increase from 64.1% 
in 1998 to 94.3% in 2013. We tried to suggest the effective approach to improve the RWR by analyzing the effect of 
the projects performed by the city comparing with that of IWA water audit in the study. 
2. Ways to increase the RWR 
2.1. Measurement of Flow 
To improve the RWR, the amount of water leaked, used by the water office, illegally used and supplied before the 
tap water produced at a WTP reaches to the customer’s tap, should be measured or estimated using water audit. The 
water audit needs to be carried out annually. Flow meters should be installed and managed at the starting point of 
water supply, at the block, and at the customer’s home. The items analysed for water flow by Seoul and IWA were 
compared in Table 1. 
Table 1. Comparison of water audit 
Water balance, SeoulG ComponentsG Water balance, IWAG
ProductionG
Valid waterG
Revenued WaterG
Metered waterG
Billed authorized 
consumptionG
Authorized 
consumptionG
Revenue 
WaterG
System 
input 
volumeG
Supplied to other citiesG
Unmetered but revenued waterG
Non-revenued 
waterG
Metered but not-revenued waterG Unbilled authorized 
consumptionG
Non-revenue 
waterG
Unmetered and not-revenued  waterG
Not-detectable-by-meter waterG
Apparent lossesG
Water lossesG
Invalid waterG
Illegally used waterG
Leaked water 1G
Real lossesGLeakage water 2G
Leakage water 3G
 
RWR is an indicator to measure the percentage of delivered water as a share of net water produced. Higher RWR 
means reduced tap water loss; therefore, ultimately it improves the management of waterworks from increased water 
sales and reduced related costs. Non-revenued water ratio is the ratio of water excluding the revenued water from the 
total water to the total water produced. Valid water ratio is the broader concept than RWR and means the amount of 
water effectively used among the water produced. The valid water includes waters revenued, not revenued due to the 
error of water meter, and not revenued for public use. The invalid water consists of leaked and illegally used water. 
IWA has two categories of ‘authorized ‘consumption’ and ‘water loss’. It can be related with the ‘valid water’ and 
‘invalid water’ of Seoul, respectively. The ‘water loss’ is divided into ‘apparent losses’ and ‘real losses’. IWA includes 
‘unmetered water’ in ‘real losses’ while Seoul takes the ‘unmetered water’ as part of ‘revenued water’, which can be 
related with the ‘authorized consumption’ of IWA. The systematic approach of Seoul in water audit was one of the 
factors for the successful project to improve the RWR [1], [2], [3]. 
1587 Y.J. Choi et al. /  Procedia Engineering  89 ( 2014 )  1585 – 1593 
2.1.1.  Flow Meter Management 
ěProduced amount’ is defined the volume of tap water treated at a WTP and supplied through pipes, and ‘supplied 
amount’ means the volume of water supplied out of a water reservoir to a community. It is necessary to install flow 
meters to effectively measure the produced and supplied amount of water. Flow meters used for tap water include 
ultrasonic, electronic, and turbine flow meters (Table 2). Flow meters were installed in the supplying pipe network to 
estimate the amount of water produced and supplied from a WTP, manage the amount of water supplied by local 
office, and analyse supply pattern. As flow measurement is the base of water consumption analysis and over-
measurement of flow is a cause of non-revenued water, the precision and accuracy of flow meters installed at WTP’s 
and reservoirs are checked periodically. The meters were checked in 1998 and 2000, every year between 2001 and 
2004, and twice a year after 2005, which enhanced the efficiency of accuracy management for the flow meters. The 
instant flow and accumulated flow are measured using a standard flow meter for 3 hours and compared with those 
data collected by the flow meter installed at the field. The effort has to be within ±0.5%. 
Table 2. Flow meter installed 
  Intake station WTP Region 
Mid-scale 
block 
Booster 
station 
Water 
reservoirs Total 
Ultrasonic 11 17 54 109 132 54 377 
Electronic     5 5 19   29 
Turbine     2   14   16 
Total 11 17 61 114 165 54 422 
 
2.1.2. Regional Flow Meter 
The Office of Waterworks, an independent management agency, started its work since 1989 integrating functions 
related with waterworks in the Bureau of Waterworks in the City Hall and Department of Waterworks in the borough 
offices to improve management efficiency and handle issues related with tap water quality. Regional flow meters were 
installed at the boundaries between the areas of local offices. 14 regional flow meters were installed in 1990 and 40 
in 1995. The RWR by local office has been estimated since 1998. The flow monitoring system has been operated since 
2005 to monitor flow in real time and manage flow meters at WTP’s, regions, booster stations, and water reservoirs. 
2.1.3. Performance Improvement of Water Meter 
The unmetered water can be caused when the water meter installed at a customer’s house cannot measure flow of 
small volume, and affect the RWR directly. Seoul has made every effort to replace the old expired water meters with 
new improved ones. The water meters with diameter of 15~50 mm have to be replaced in 8 years and the ones with 
diameter larger than 50 mm in 6 years by the law. The water meter with diameter smaller than 50 mm were tested 
before installation with the flow of 100 L/hr and the error had to be within ±4% until 1995. The conditions for the test 
became stricter, i.e., 40 L/hr and ±5% since 1996. The water meters with diameter of 15 mm, which formed 89% 
(about 1,600,000 water meters) of domestic water meters, were tested with the conditions of 20 L/hr and ±5%. As the 
newly installed water meters showed better performance by 1.5%, the RWR were expected to be improved.  
2.2. Minimum Night Flow Measurement and Leak Management 
2.2.1. Block system 
A block system established with consideration of the natural and social conditions of a supply region, is required 
for stable drinking water supply and emergency measurement. There are two levels of block; the medium-size block 
(Distribution block) is set according to altitude and area of water distribution region, and the small-size block (Sub-
distribution network block) is smaller unit block of the medium-size block. There are 8 local offices to manage supply 
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chain of the tap water in Seoul. The regional flow meters were installed at the boundaries between local offices. The 
area for water supply of a local office is divided into 4~20 medium-size blocks. A medium-size block is defined 
considering the size of water reservoirs, booster stations, and water supply area and has 8~12 small-size blocks. Water 
flow in a medium-size block is managed with flow meters installed at the points of influent and effluent of the medium-
size block. The water flows of the 30 medium-size blocks which had relatively low RWR have been monitored in real 
time since 2004. The water flows in 100 medium-size blocks are monitored in real time now. A small-size block is 
the basic unit to measure MNF, detect leak, and manage facilities. Although the size of a small-size block depends on 
the conditions of the area, it consists of about 500~1,000 water posts and the pipe network within a small-block is set 
to insulate area by valve control. The diameter of pipes used in a small-size block is smaller than 350 mm and influent 
points are 2~3. The water flow in a small-scale block is not monitored in real time but for MNF with potable flow 
meters. There were 331 small-size blocks in 1998 and the number of small-size block increased to 2,037 by 2002 
(Table 3).  
Table 3. Small-size block and Minimum Night Flow (MNF) measurement 
 1998 1999 2000 2001 2002 2003 2004 2005 Total 
Small-size block 331 462 462 462 320    2,037 
MNF measurement  973 830 710 680 623 743 671 5,230 
2.2.2. Minimum Night Flow 
‘Minimum Night Flow’ is a process to measure the minimum water flow during midnight to 4 AM when the water 
consumption is the smallest of a day and to detect leak when the water flow is over the allowable leaking amount 
(Table 4). MNF has been measured with establishment of small-size blocks since 1998. MNF in all the 2,037 small-
size blocks were measured in 2002 and re-measured between 2003 and 2005. In some cases, MNF were measured 
more than 10 times as the MNF was larger than the allowable leaking amount. Since 2006, MNF is measured only for 
the small-size blocks in the medium-size blocks with relatively low RWR (Fig. 1; Fig. 2). 
Table 4. Criteria for MNF measurement 
  
  
Small-size block 
Normal residential 
area Dense residential area Commercial area Dense commercial area 
Allowable leaking amt. 
[m3/hr/km] < 0.5 < 1.0 < 1.5 < 2.0 
2.2.3. Leak Detection and Management 
Leak in water pipes can be categorized into surface leak and underground leak. Surface leak is found by the report 
of citizen when the leaked water springs forth to surface. Underground leak is detected by the listening probe, 
correlation type leak detector, and leak of waterworks facilities in sewer. Decrepitude is the main reason of leak and 
followed by leak at valves and connections, and poor construction. As shown in Fig. 3, leak had to be decreased to 
increase RWR. Although more than 45,000 leak detections were carried out between 1990 and 1993, the RWR 
increasing rate in the same period was 1.1% and smaller than that of 2008, 1.9%, which means the number of leak 
detection cannot be correlated with RWR increase directly. 
2.2.4. Leak Detection and Management 
As the geographical characteristic of Seoul can be said combination of hill areas, flatlands, and mountainous area, 
the supply pump installed at a WTP has to have large capacity to supply water to high land, which makes excessive 
pressure in lower area including downtown. Seoul could have stable supply system by installing water reservoirs by 
level and ‘indirect supply system’. The city can secure emergency water, maintain balanced water pressure, and avoid 
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excessive water pressure. As there are many mountains higher than 70 m, the large local reservoirs were built at the 
height of 70 m and other reservoirs were located by 30 m (Fig. 4). 
 
 
Fig. 1. MNF measurement 
 
Fig. 2. Devices to measure MNF 
 
Fig. 3. Leak and RWR 
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Fig. 4. Indirect water supply system using water reservoirs 
 
 
Fig. 5. RWR increment and accumulated capacity of water reservoirs 
As illustrated in Fig. 5, 18 water reservoirs were built between 1998 and 2002 and the capacity of storage became 
1,081,500 m3. The period matches up well with the time when the small-size blocks were established, MNF’s were 
measured, and the RWR increased. The RWR increase of 3.7% in 1999~2003 could be attributed to balanced water 
pressure management by building water reservoirs and leak repairs. As the pumps at a booster station were operated 
by number control before 2000, there were continuing cause of leak by high water pressure occurred when the pumps 
were operated and stopped. The inverter system installed between 2002 and 2004 allowed to control the speed of 
revolution of the pump according to water demand, by which appropriate water pressure could be maintained and the 
water pressure at night could be operated at lower level than that of daytime. Seoul could manage abrupt water demand 
and water pressure change by adjusting the discharge pressure of pump up to 5~8 levels. The number of booster 
stations is 197 and must have affected the RWR increase since 2000. When the water pressure is too high, the amount 
of tap water supplied can be increased higher than required, and the possibility of leak at weak points such as joints 
and elbows increases. To solve the problem, pressure-reducing valves were installed at the areas with water pressure 
higher than 6 kg/cm2, i.e., 16 sites before 2000 while 61 sites after 2006. Although the area requiring the control, water 
pressure control contributed to stable water pressure management as well as improvement of water supply service. 
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2.2.5. Old Pipe Replacement 
The total length of water pipe network is about 14,000 km (Table 5) 
Table 5. Statistics of water pipe network (as of 2013) 
 Galvanized iron PVC PE 
Stainless 
steel Copper Cast iron 
Ductile 
cast iron Steel Total 
Length [km] 
13 
(0.1%) 
27 
(0.2%) 
82 
(0.6%) 
3,877 
(28.1%) 
274 
(2.0%) 
447 
(3.2%) 
8,197 
(59.4%) 
874 
(6.3%) 
13,791 
(99.9%) 
Leak [# of cases] 227 3,381 599 102 3,927 695 394 1,196 10,521 
Leak [# of cases/km] 265.38 22.26 1.24 0.92 2.54 0.88 0.15 0.26  
 
 
Fig. 6. RWR and pipe replacement 
As of 2013, steel pipe is predominantly used for transmission mains, i.e. 72.7%, and followed by ductile cast iron 
pipes (25.5%) and grey cast iron pipes (1.6%). For trunk mains, grey cast iron pipes were dominant before 1984 but 
have been replaced by ductile cast iron pipes with cement lining inside, as grey cast iron pipes were weak to the impact 
from outside, and easy to leak and to have biofilm formed on the wall of the pipe. As grey cast iron pipes were not 
used any more since then, grey cast iron use decreased to 4.4% while that of ductile cast iron pipes increased to 81.0% 
at the end of 2013. 90.5% of distribution mains were stainless steel pipes (3,017 km). Galvanized iron and copper 
pipes were 0.2 and 5.7% of distribution mains, respectively. The ‘decrepit pipe’ is defined by the city of Seoul as a 
non-anti corrosive pipe, which degrades the customer satisfaction on the tap water with frequent leak, red water, and 
scale problems. The grey cast iron, PVC, and PE pipes with diameter larger than 80 mm installed before 1984 were 
replaced with ductile cast iron pipes with cement mortar lining. The Galvanized iron pipes with diameter less than 50 
mm buried before 1987 have been replaced with stainless steel pipes. RWR increased by 3.5% from 55.9% in 1991 
to 57.5% in 1993 although 4,200 km of decrepit pipes out of 17,684 km of total distribution mains (24%) were replaced 
in 1993 (Fig. 6). The performance could be interpreted as 0.25% increase of RWR per 100 km of pipes replaced, and 
meant that the effect of the ‘decrepit pipe’ replacement could not increase the RWR significantly only by replacement 
itself. One of the reasons of the ‘not-significant-effect’ could be that the programs before 1998 concentrated its 
resources on installing pipes to meet increased water demand with expansion of urban area, and could not have 
complete management systems for the pipe networks. It can be concluded that leak detection and decrepit pipes 
replacement programs have to go with block management system for the pipe networks in distribution mains to have 
significant effect by the programs in RWR increase. When the citizens install domestic lines from distribution mains 
by themselves, the ‘discarded pipes’ can remain without being removed and become a cause of leak. The city has 
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taken care of the ‘discarded pipes’ of 510 km between 2004 and 2010, and maintained 10~20 km of the ‘discarded 
pipes’ every year. The length of total pipe networks has decreased from the peak of 17,768 km in 1992 to 13,864 km 
in 2010 by the programs of ‘decrepit pipes’ replacement, ‘discarded pipes’ maintenance, and pipe networks 
maintenance in the renewal districts (Fig. 7). 
 
 
Fig. 7. Length of pipe network 
3. Discussion 
Although the city of Seoul made every effort to increase RWR with many programs including ‘decrepit pipe’ 
replacement and leak detection, RWR was about 50% before 1989. The task force team was organized to concentrate 
the resources into increasing RWR. The pipe network of Seoul was reorganized into 2,037 small-size blocks, and 
MNF measurement and leak detection were carried out repeatedly. RWR increased by 3~4% every year with MNF 
measurements (Fig. 8). Water pressure adjustment is required to prevent re-leaking problem after repairing the pipes 
with leak. The city of Seoul solved the problem by establishing ‘indirect water supply’ system with water reservoirs 
(Fig. 5). As the area for water supply in Seoul is large and Seoul has many small-size blocks, it costs too much to 
install flow meters at the influent points of all the small-size blocks. Water flow meters were installed at medium-size 
blocks consisted of 8~12 small-size blocks for efficient water supply management. Water production has decreased 
by 38% from 5.1 million m3/day of 1994 to 3.1 million m3/day in 2013 as RWR decreased. The number of WTP’s 
also decreased from 10 to 6. The Office of Waterworks could achieve management improvement by reducing 
production costs including source water purchase, chemicals, and energy. RWR has cost saving efficiency of about 
1.7 million US dollars per year for every 1% of RWR increase. 
4. Conclusion 
The lessons from the programs to increase RWR are as follows: the method that Seoul took for its water audit was 
systematically defined and matched well with that of IWA. Water flow meters had to be installed and managed 
accurately at appropriate points of the network system in appropriate time to measure the flow. The whole water 
supply networks were organized systematically into small-size and medium-size blocks for efficient management of 
water flow and pressure by establishing appropriate water supply network system according to natural and social 
conditions of the area of water supply to secure stable water supply and emergency water supply. The water flow and 
pressure management can make synergy in increasing RWR to 80~90% by combination with MNF measurement and 
leak detection. As Seoul has characteristic geography with mix of hills, flat lands, and mountainous areas, it is hard to 
control water pressure efficiently. Seoul could solve the problem by maintaining stable water pressure with water 
reservoirs built in high lands by 30 m. Further study is required to maintain the RWR of 94.5% achieved in 2013 
efficiently with lower cost considering socio-economic conditions of Seoul 
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Fig. 8. RWR change and MNF measurement 
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